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The  main  focus  of  this  review  article  is  to  introduce  the  reader  to  the  advantage  and  limitation  of  organic 
solar  cells  and  to  understand  how  the  thermal  annealing  process  could  improve  performance  of  organic 
solar  cells.  The  article  explores  the  operation  principles  of  organic  photovoltaic  (OPV)  device  and  reviews 
the  effects  of  thermal  annealing  on  bulk-heterojunction  organic  solar  cells  based  on  a  thin  film  blend  of 
poly  (3-hexylthiophene-2,5  diyl)  (P3HT)  and  [6,6]-phenyl-C61  butyric  acid  methyl  ester  (PCBM).  It 
focuses  on  changes  in  the  physical  film  properties,  the  electronic  performance  of  devices,  as  well  as  the 
link  between  film  structure  and  electronic  performance  during  a  thermal  annealing  process.  Analysis 
of  film  and  electrical  characteristics,  as  a  function  of  thermal  annealing  parameters,  indicates  that  a 
balancing  is  established.  The  balancing  between  charge  conduction  and  excitonic  dissociation  leads  to 
the  establishment  of  optimal  annealing  conditions  for  maximized  electronic  performance.  Additionally, 
the  report  highlights  research  areas  that  require  attention  for  future  development  of  this  technology. 
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1.  Introduction 

Photovoltaic  (PV)  market  is  currently  dominated  by  silicon 
solar  cells,  as  silicon  has  excellent  charge  transport  properties 
and  is  an  abundant  element  on  earth.  Silicon  solar  cells  have 
achieved  a  high  power  conversion  efficiency  (PCE)  of  25%  1  . 
However,  higher  manufacturing  costs,  when  compared  to  tradi¬ 
tional  power  generation  methods,  have  prevented  PV  from  sup¬ 
plying  a  large  portion  of  the  stationary  energy  used  in  the  world 
[2-4  .  To  further  reduce  the  costs  of  current  photovoltaic  technol¬ 
ogies,  researchers  have  developed  organic  materials  as  possible 
candidates.  The  discovery  of  organic  materials  which  have  semi¬ 
conductor  properties  has  led  to  new  field  of  organic  light-emitting 
diode  (OLED)  [5]  and  OPV  [6].  Solar  cells  based  on  organic 
materials  can  be  fabricated  using  solution  processing  techniques, 
such  as  various  coating,  printing  and  roll  to  roll  techniques,  which 
could  lower  manufacturing  costs  by  avoiding  high  temperature 
and  vacuum  processes  [7-9].  Organic  solar  cells  are  lightweight 
and  flexible,  and  can  be  fabricated  on  glass  and  plastic  substrates 
[10,11  .  The  potential  simplicity  of  OPV  processing  is  far  beyond 
other  current  technologies  [12  .  Furthermore,  organic  semicon¬ 
ductors  have  high  absorption  coefficients  [13,14],  which  allow 
very  thin  films  to  be  used.  The  last  5  years  have  seen  significant 
progress  for  this  technology  [15-19].  To  date,  the  highest  reported 
PCE  for  an  OPV  device  is  12%  [20].  Considering  the  advantages  and 
significantly  increased  efficiencies  of  OPV,  it  has  resulted  in 
commercial  production  of  primary  OPV  products  and  a  few  public 
demonstration  projects  [21-23  . 

The  progress  of  OPV  has  been  accompanied  with  development 
of  organic  materials.  Early  work  in  OPV  focused  on  a  polymer, 
polyphenylene  vinylene  (PPV)  as  the  donor  material  [24,25].  In 
1995,  Hummelen  et  al.  synthesized  one  of  the  most  important 
fullerene  derivatives,  PCBM,  which  represents  a  milestone  in  the 
development  of  OPV  acceptors  and  is  still  widely  used  today  [26]. 
After  significant  optimization,  researchers  achieved  PCEs  of  more 
than  3%  for  PPV-based  organic  solar  cells  [27,28  .  However,  further 
improvement  was  limited  by  the  relatively  low  hole  mobility  and 
narrow  light  absorption  band  [29],  which  led  researchers  to  search 
for  new  donor  materials.  From  2002,  P3HT  with  many  advantages 
when  compared  to  PPV,  such  as  improved  absorption  and  higher 
hole  mobility  [30],  has  become  the  favored  polymer  donor 
material.  The  organic  system  of  P3HT:PCBM  has  been  exposed  to 
intensive  research,  in  which  the  highest  reported  PCE  values  are  in 
the  range  of  4.5  to  6%  [31-33  .  Due  to  the  low  excitonic  diffusion 
length  of  organic  semiconductors,  typically  ~10  nm  [34-36],  it  is 
necessary  to  disperse  the  donor  and  acceptor  phases  intimately 
throughout  the  active  layer.  This  produces  an  increased  interfacial 
area,  thus  facilitating  efficient  excitonic  dissociation.  However, 
exciton  dissociation  is  not  the  sole  consideration  for  increasing 
electronic  performance  [29  .  Efficient  charge  transport  and  extrac¬ 
tion  is  dependent  on  the  formation  of  percolated  pathways  within 
the  photoactive  layer.  The  physical  arrangement  of  donor  and 
acceptor  phases  in  the  active  layer,  referred  to  as  the  nanomor¬ 
phology,  is  crucial  in  determining  the  electronic  performance  of  an 
OPV  device  [25].  The  nanomorphology  of  the  blend  is  affected  by 
several  factors  such  as  composition  ratio  of  donor  and  acceptor, 
solvent  materials,  solution  concentration,  molecular  weight  and 
spin  coating  parameters  [37-42  .  Alternatively,  control  over  the 
nanomorphology  may  be  provided  by  preformed  vertically  aligned 
nanostructures,  such  as  self-assembled  P3HT  nanowires  [43,44] 
or  vertically  aligned  metal  oxide  semiconductors  [45-47  .  To  date, 
the  most  effective  method  for  optimising  the  nanomorphology 
of  the  active  layer  is  a  thermal  annealing  process  [48,49].  Multiple 
investigations  into  the  effect  of  thermal  annealing  on  OPV  perfor¬ 
mance  have  been  reported  [50-54].  It  has  been  suggested  that  the 
primary  cause  for  increased  PCE  by  thermal  annealing,  is  an  abrupt 


increase  in  hole  mobility  in  the  P3HT  phase  [29  .  However, 
understanding  the  relation  between  the  crystallinity  and  optical 
properties  of  the  blended  film,  and  the  electronic  performance 
of  the  OPV  device  is  a  pre-requisite  for  optimising  the  efficiency. 
Very  few  reports  address  this  relationship  in  a  comprehensive, 
systematic  manner. 

The  first  section  of  the  review  article  outlines  the  concept  of 
organic  solar  cells,  detailing  the  device  structure,  operation  prin¬ 
ciples  and  performance  characteristics.  In  the  second  part,  the 
effects  of  thermal  annealing  on  P3HT:PCBM  bulk-heterojunction 
organic  solar  cells  are  reviewed  and  a  comprehensive  list  for 
optimal  annealing  conditions  previously  examined  is  presented. 
The  significant  finding  in  this  report  is  a  comprehensive  descrip¬ 
tion  of  the  effect  of  annealing  on  both  physical  and  electronic 
properties  for  a  P3HT:PCBM  bulk-heterojunction  organic  solar  cell. 
A  thorough  analysis  of  the  established  balancing  is  provided  in  the 
discussion  section.  The  balancing  between  charge  conduction 
and  excitonic  dissociation  leads  to  the  establishment  of  optimal 
annealing  conditions  for  maximized  electronic  performance.  Such 
systematic  studies  of  processing  parameters  are  required  to  allow 
for  up-scaling  of  production  of  organic  solar  cells.  The  conclusion 
provides  a  summary  of  effects  of  annealing  on  P3HT:PCBM  organic 
solar  cells.  It  also  draws  attention  to  important  areas  of  research 
for  the  future. 


2.  Device  structure  and  operation  principles 

2.1.  Device  structure 

The  device  structure  of  organic  solar  cells  is  different  from 
traditional  silicon  wafer  based  solar  cells.  The  photoactive  layer  is  a 
blend  of  conjugated  polymers  as  electron  donors  and  fullerene 
derivatives  as  electron  acceptors.  This  photoactive  layer  is  sandwiched 
between  two  electrodes  with  proper  work  functions.  Fig.  1  shows  a 
schematic  diagram  of  conventional  organic  solar  cell  device  structure. 
With  this  device  structure,  the  light  is  illuminated  through  the  glass 
substrate.  The  device  is  built  on  a  transparent  substrate  which  may  be 
flexible.  The  substrates  are  usually  glass  or  polyethylene  terephthalate 
(PET).  The  anode  consists  of  a  semitransparent  oxide  layer,  usually 
indium  tin  oxide  (ITO).  Its  role  is  to  allow  light  to  pass  through,  and  to 
collect  holes  from  the  device.  A  layer  of  the  conductive  polymer  poly 
(3  4-ethy lenedioxy- thiophene )-poly  (styrenesulfonate)  (PEDOT:PSS)  is 
applied  between  the  anode  and  the  photoactive  layer.  This  thin  layer  is 
spin  coated  on  top  of  the  ITO  surface.  The  PEDOT:PSS  layer  serves  as  a 
hole  conducting  layer  and  exciton  blocker.  It  smooths  the  ITO  surface, 
seals  the  active  layer  from  oxygen,  and  prevents  the  anode  material 
from  diffusing  into  the  active  layer,  which  can  lead  to  trap  sites  [55]. 
The  light  absorbing  photoactive  layer  containing  the  donor  and 
acceptor  material  is  sandwiched  between  two  electrodes.  For  labora¬ 
tory  devices,  this  layer  is  spin  coated  from  a  common  solution  which 
contains  the  polymer  donor  and  fullerene  acceptor  suspended  in  an 
appropriate  solvent  or  mixture  of  solvents.  The  cathode  is  usually 
aluminium,  although  calcium  or  silver  is  sometimes  used.  The  function 
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Fig.  1.  Schematic  diagram  of  organic  solar  cell  device  structure. 
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of  the  cathode  is  to  collect  electrons  from  the  device.  This  layer  is 
deposited  by  thermal  evaporation. 


2.2.  Operation  principles 

As  the  fundamental  properties  of  organic  semiconductors  are 
different  to  that  of  their  inorganic  counterparts,  the  operation  of 
OPV  devices  is  different  to  that  of  silicon  solar  cells.  In  a  silicon  solar 
cell,  incident  photons  break  the  covalent  bonds,  which  form  electron- 
hole  pairs.  Due  to  the  crystalline  nature  of  silicon,  generation  of  charge 
carriers  requires  only  a  small  force  of  interaction.  Therefore,  absorption 
in  silicon  leads  to  effectively  free  charge  carriers.  As  a  result  of  the  low 
dielectric  constant  (e  «  3)  in  semiconducting  polymer  materials,  the 
columbic  forces  of  attraction  between  electrons  and  holes  are  very 
high  [49,56].  This  implies  that  unlike  inorganic  semiconductors,  in 
which  photo  excitation  generally  forms  a  free  electron  and  hole, 
excited  states  in  semiconducting  polymers  form  bound  electron-hole 
pairs.  This  bound  electron-hole  pair  is  referred  to  as  an  ‘exciton’.  A 
driving  force  is  required  to  overcome  this  excitonic  binding  energy  so 
that  free  charge  carriers  can  be  produced  and  transported  throughout 
the  device.  In  organic  solar  cells,  excitons  formed  in  the  donor  material 
can  be  dissociated  at  the  donor-acceptor  (D-A)  interface.  The  force 
required  to  overcome  the  exciton  binding  energy  is  provided  by  the 
energy  level  offset  of  the  lowest  unoccupied  molecular  orbital  (LUMO) 
of  the  donor  and  the  LUMO  of  the  acceptor  material.  Fig.  2  displays  an 
energy  band  diagram  of  organic  solar  cells.  This  energy  offset  used  to 
dissociate  excitons  is  illustrated  as  A Ees  in  Fig.  2,  which  is  the  excited 
state  energy  offset.  In  order  to  dissociate  excitons  formed  in  the 
acceptor  material,  the  energy  offset  of  the  highest  occupied  molecular 
orbital  (HOMO)  of  the  acceptor  and  the  HOMO  of  the  donor  material 
is  required.  This  energy  offset  used  to  dissociate  excitons  is  illustrated 
as  A Ecs  in  Fig.  2,  which  is  the  ground  state  energy  offset.  Excitonic 
dissociation  due  to  these  energy  offsets  occurs  at  the  interface 
between  the  donor  and  acceptor  phase,  therefore,  the  arrangement 
of  the  two  materials  in  the  active  layer  is  crucial  for  the  successful 
operation  of  the  device. 

Excitons  can  be  created  when  photons  are  absorbed  in  the 
donor  material.  These  excitons  then  can  be  dissociated  at  a  D-A 
interface.  Once  separated,  the  electron  can  transfer  to  the  acceptor 
material  and  be  transported  to  the  cathode  for  charge  collection. 
The  hole  produced  in  the  donor  material  travels  throughout  the 
polymer  and  is  collected  at  the  anode.  This  process  is  illustrated 
in  Fig.  3(a).  The  fullerene  acceptor  material  may  also  contribute 
useful  photocurrent.  When  light  is  absorbed  in  the  acceptor 
material,  an  exciton  is  formed  which  must  be  dissociated  by  the 
energy  offset  of  the  donor  HOMO  level  and  the  acceptor  HOMO 
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level.  The  hole  is  then  transferred  to  the  donor  at  an  interface  and 
is  transported  to  the  anode  whilst  the  electron  remains  in  the 
acceptor  material  and  travels  to  the  cathode  for  collection.  This 
process  is  demonstrated  in  Fig.  3(b). 

The  diffusion  length  of  these  bound  electron  hole  pairs,  or 
excitons  is  very  small,  in  the  order  of  10  nm  [34-36].  This  causes 
very  poor  electronic  response  in  organic  devices  fabricated  using  a 
bi-layer  structure,  similar  to  that  of  a  p-n  junction  silicon  solar  cell, 
as  only  photons  absorbed  within  a  diffusion  length  of  the  junction 
can  produce  free  charge  carriers.  A  more  successful  approach  is  to 
disperse  the  donor  and  acceptor  material  intimately  throughout  the 
active  region,  which  significantly  increases  the  interfacial  area.  Such 
a  design  is  referred  to  as  a  bulk-heterojunction  device  structure  [25]. 
Fig.  4  displays  a  cross  sectional  illustration  of  both  a  bi-layer  and 
BHJ  device  structure.  A  device  with  a  large  dispersion  of  interfaces 
throughout  the  photoactive  layer  requires  smaller  exciton  diffusion 
distances,  and  thus,  a  larger  exciton  dissociation  yield  is  achieved. 
There  exists  a  trade-off  between  increasing  interfacial  area  via  the 
intimate  dispersion  of  phases  and  the  creation  of  efficient  conduc¬ 
tive  pathways  through  which  free  electrons  and  holes  may  be 
transported.  Therefore,  the  arrangement  of  donor  and  acceptor 
phase  is  thus  crucial  to  device  performance. 


2.3.  Performance  characteristics 


The  power  conversion  efficiency  of  a  solar  cell  is  defined  as: 


PCE  = 


Jsc  x  Voc  x  FF 


Pi 


in 


FF  = 


Jin  x 

Jsc  x  V oc 


where  Jsc  is  short  circuit  current  density,  Voc  is  open  circuit  voltage, 
FF  is  fill  factor,  Pin  is  incident  input  power,  Jm  and  Vm  are  the 
maximum  power  point  current  density  and  voltage,  respectively. 
To  allow  for  valid  comparison  of  device  performance,  an  interna¬ 
tional  standard  for  input  power  is  used.  This  standard  specifies  an 
incident  spectrum  of  AM  1.5  G,  with  an  intensity  of  100  mW/cm2, 
whilst  the  cell  is  at  a  room  temperature  of  25  °C.  Therefore,  there 
are  three  major  device  characteristics  which  completely  determine 
the  efficiency  of  the  device.  Fig.  5  displays  a  typical  illuminated  J-V 
characteristic  curve  which  illustrates  these  three  characteristics. 


a 


b 


Fig.  3.  Schematic  energy  band  diagram  displaying  charge  transfer  for  (a)  photo 
generation  in  the  donor,  and  (b)  photo  generation  in  the  acceptor. 


a 
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Fig.  2.  Energy  band  diagram  of  donor-acceptor  materials  in  bulk-heterojunction 
organic  solar  cells.  Modified  from  [101]. 


Fig.  4.  Schematic  diagrams  of  (a)  bi-layer  heterojunction  and  (b)  bulk-heteroj unc¬ 
tion  photoactive  layers. 
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Fig.  5.  J-V  characteristics  for  a  generic  illuminated  solar  cell. 
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Fig.  6.  The  processes  of  photocurrent  generation  and  transport,  (a)  Photon  absorp¬ 
tion  and  exciton  diffusion,  (b)  exciton  dissociation,  (c)  carrier  transport  and 
(d)  charge  collection.  The  efficiency  of  each  one  of  these  steps  determines  the 
EQE  of  the  device. 


The  following  describes  the  factors  which  influence  these  device 
characteristics  for  organic  solar  cells. 


2.3 A.  Short  circuit  current  density 

The  short  circuit  current  density  (Jsc )  is  the  maximum  photo¬ 
current  density  which  can  be  extracted  from  the  device  at  short 
circuit  condition.  The  Jsc  is  directly  related  to  the  external  quantum 
efficiency.  This  relationship  can  be  expressed  as: 


fj  r^max 

s  L  w,x 

u  /lmin 


Pin  (A)  X  dA 


where  q  is  an  electron  charge,  h  is  the  Planck  constant,  c  is  the 
speed  of  light  and  A  is  wavelength  of  the  light.  The  EQE  is  the  ratio 
of  the  number  of  charge  carriers  collected  to  the  number  of 
incident  photons  at  a  specific  wavelength.  For  the  operation  of 
an  organic  solar  cell,  this  quantity  is  dependent  on  five  major 
steps,  each  of  which  has  some  associated  efficiency.  Therefore,  EQE 
can  be  expressed  as: 

EQE  habs  x  hdiff  x  hdiss  x  Vtr  x  h cc  (^) 


The  parameter  qabs  describes  the  photon  absorption  efficiency  of 
the  device,  which  is  illustrated  in  Fig.  6(a).  Its  improvement  repre¬ 
sents  the  most  effective  way  of  increasing  the  Jsc  of  an  OPV  device 


[57].  The  absorption  spectrum  of  the  material  is  determined  by  both 
the  band  gap  and  absorption  coefficient  of  the  material,  whilst  the 
thickness  of  the  active  layer  will  also  affect  the  absorption  58]. 
Additionally,  thin  film  interference  will  affect  the  absorbance  of  the 
bulk-heterojunction  photoactive  layer.  Current  investigations  using 
low  band  gap  polymers  are  aimed  at  improving  this  characteristic 
[59-61  .  In  organic  solar  cells,  significant  useful  absorption  may  be 
provided  by  the  fullerene  acceptor  material  as  well,  such  as  [6,6  - 
phenyl-C7i  butyric  acid  methyl  ester  (PC70BM).  This  implies  that  the 
electronic  composition  of  the  fullerene  acceptor  material  will  impact 
the  Jsc  of  the  device. 

The  parameter  77^  (Fig.  6(a)),  describes  the  ability  of  an  exciton 
to  diffuse  to  a  D-A  interface.  This  is  dependent  on  both  the  excitonic 
diffusion  length,  and  the  distance  between  excitons  and  the  nearest 
interface,  which  is  related  to  the  nanoscale  morphology  of  the 
photoactive  layer.  As  the  excitonic  diffusion  length  in  conjugated 
polymers  is  very  low  [34-36],  control  over  the  D-A  arrangement  is 
crucial  for  successful  exciton  diffusion.  This  factor  is  inversely  related 
to  the  rate  of  recombination  within  the  photoactive  layer. 

The  exciton  dissociation  efficiency  {rjdiss)  is  demonstrated  in 
Fig.  6(b).  As  the  electron  is  still  bound  within  the  exciton,  the 
energy  offset  formed  at  the  D-A  interfaces  is  required  to  provide  a 
driving  force  which  releases  the  electron  and  allows  conduction  to 
occur.  This  energy  offset  must  be  larger  than  the  excitonic  binding 
energy  in  the  material  to  facilitate  charge  transfer.  This  energy  is 
typically  in  the  range  of  0.1 -0.5  eV  [35,62].  This  occurs  only  at  the 
boundaries  between  the  two  materials,  and  thus,  the  distribution 
of  the  interface  throughout  the  active  layer  is  extremely  important 
for  the  efficiency  of  the  solar  cell. 

The  efficiency  of  charge  carrier  transport  throughout  the  device 
{rjtr)  is  displayed  in  Fig.  6(c).  In  organic  materials,  charge  transport 
occurs  via  a  process  of  hopping  between  energy  states  and  is 
affected  by  traps  and  recombination  sites  in  the  photoactive  film. 
The  success  of  this  transport  depends  greatly  on  the  mobility  of 
the  associated  organic  materials  [29]. 

The  parameter  r]cc  describes  the  efficiency  of  charge  collection  at 
the  electrodes.  This  represents  the  ability  of  the  charge  carriers  to  be 
injected  into  the  electrodes  from  the  photoactive  layer,  which  is 
displayed  schematically  in  Fig.  6(d).  The  success  of  this  step  is 
greatly  dependent  on  the  electronic  composition  of  the  device.  For 
successful  injection  of  electrons  into  the  cathode,  the  magnitude  of 
the  LUMO  level  of  the  acceptor  material,  with  respect  to  the  vacuum 
level,  must  be  lower  than  the  work  function  of  the  metal.  For 
successful  injection  of  holes  into  the  anode,  the  magnitude  of 
the  HOMO  level  of  donor  material,  with  respect  to  vacuum  level, 
must  be  higher  than  the  work  function  of  the  transparent  anode. 
The  material  used  for  the  electrodes  must  be  carefully  selected. 
A  discrepancy  between  the  work  function  of  the  anode  and  cathode 
material  is  required  to  provide  a  direction  for  the  photocurrent. 
Usually  intermediate  layers  between  the  photoactive  layer  and 
electrodes  are  introduced  to  make  the  injection  of  charge  carriers 
more  favorable  [63,64  .  The  quality  of  the  ohmic  contact  with  the 
cathode,  which  is  determined  by  the  nature  of  the  interface  with  the 
metal  cathode,  also  affects  the  charge  collection  efficiency. 


2.3.2.  Open  circuit  voltage 

Open  circuit  voltage  ( Voc)  is  the  difference  of  electrical  potential 
between  two  terminals  when  a  device  is  disconnected  from  any 
circuit.  In  contrast  to  silicon  p-n  junction  solar  cells,  the  origin  of 
open  circuit  voltage  in  bulk-heterojunction  devices  is  still  not  well 
understood.  Multiple  reports  have  investigated  this  property  for 
OPV  devices,  using  PCBM  as  the  electron  acceptor.  In  2001,  Brabec 
et  al.  [65]  proposed  an  effective  band  gap  model  for  bulk- 
heterojunction  cells,  whereby  the  maximal  value  of  Voc  is  related 
directly  to  the  energy  difference  between  the  HOMO  level  of  the 


328 


X.  Yang,  A.  Uddin  /  Renewable  and  Sustainable  Energy  Reviews  30  (2014)  324-336 


HOMO  Position  [  eV  ] 


Fig.  7.  Voc  of  different  bulk-heterojunction  solar  cells  plotted  versus  the  oxidation 
potential/HOMO  position  of  the  donor  polymer,  where  squares  represent  the 
conjugated  polymers  and  triangles  represent  the  polymer  materials  proprietary 
to  Konarka  [66]. 

donor  and  the  LUMO  level  of  the  acceptor,  as  shown  in  Fig.  2.  This 
proposition  was  verified  by  an  empirical  investigation  of  the  effect 
of  electron  affinity  of  fullerene  acceptor  on  open  circuit  voltage. 
A  linear  relationship  between  electron  affinity  of  acceptor  and 
open  circuit  voltage  was  discovered.  This  study  also  showed  that 
Voc  is  weakly  dependent  on  the  type  of  metal  used  as  the  cathode. 

In  2006,  Scharber  et  al.  [66]  published  a  breakthrough  commu¬ 
nication  on  the  origin  of  open  circuit  voltage  for  OPV.  This  report 
studied  the  relationship  between  the  energy  levels  of  the  D-A  blend 
and  the  open  circuit  voltage  for  26  different  bulk-heterojunction 
devices,  as  shown  in  Fig.  7.  For  each  device,  the  acceptor  material 
used  was  PCBM,  whilst  the  donor  material  was  varied.  It  was  found 
that  there  exists  a  linear  relationship  between  the  HOMO  position, 
which  is  related  to  the  diagonal  band  gap  of  the  heterojunction,  and 
the  open  circuit  voltage.  From  this  analysis,  a  simple  relationship 
between  the  HOMO  of  the  donor  material  and  the  Voc  of  the  device 
was  derived,  which  was  reported  as  [66]: 

Voc  =  (1  /q)(|£Dono'  HOMO|  -  |EpcbmLUMO|)-0.3  V  (5) 

This  suggests  that  Voc  is  directly  proportional  to  the  diagonal 
band  gap  of  the  heterojunction.  However,  there  exists  an  empirical 
loss  factor  related  to  the  bulk-heterojunction  design.  The  systema¬ 
tic  nature  of  this  study  made  the  proposition  of  the  effective  band 
gap  model  convincing,  however,  these  results  are  derived  purely 
from  empirical  evidence,  rather  than  theoretical  understanding. 
Recently,  a  contradictory  report  found  no  linear  relationship 
between  the  diagonal  band  gap  of  the  heterojunction  and  Voc 
[67  .  It  was  shown  that  diagonal  band  gap  serves  as  an  upper 
bound  for  Voc.  Such  reports  highlight  the  remaining  ambiguity 
regarding  the  origin  of  Voc  in  bulk-heterojunction  OPV  devices. 

2.3.3.  Fill  factor 

The  fill  factor  (FF)  is  a  key  parameter  in  evaluating  the  perfor¬ 
mance  of  solar  cells,  which  is  determined  by  Eq.  (2).  Due  to  physical 
limitations  on  diode  quality,  the  practical  limit  to  fill  factor  is  less 
than  the  ideal  value  of  1.  The  behavior  of  a  real  diode  will  deviate 
from  the  ideal,  primarily  as  a  result  of  recombination  occurring  at  the 
junction.  For  organic  solar  cells,  the  junction  is  the  D-A  interface, 
which  is  distributed  throughout  the  entire  photoactive  layer.  Devia¬ 
tions  from  the  ideal  case,  and  thus  the  shape  of  the  J-V  curve,  can  be 
quantitatively  characterised  by  the  parasitic  loss  mechanisms  of 


series  and  shunt  resistance.  Zero  series  resistance  (Rs= 0)  is  ideal, 
however,  poor  conductivity  through  the  active  layer  and  reduced 
charge  carrier  injection  to  the  electrodes  represents  increased  series 
resistance.  Conversely,  the  ideal  diode  case  demands  infinite  shunt 
resistance  {Rsh=oo).  Reduction  in  Rsh  is  caused  by  imperfections 
within  the  photoactive  layer  or  current  leaks  at  the  interface  between 
layers  in  the  device  [68  . 

Crystalline  inorganic  solar  cells  can  achieve  very  good  diode  quality. 
Solar  cells  fabricated  using  silicon,  GaAs  and  InP  have  achieved  fill 
factors  in  excess  of  80%  [69,70].  Bulk-heterojunction  organic  solar  cells 
generally  display  relatively  lower  fill  factors.  Non-ideal  nanomorphol¬ 
ogy  and  discrepancy  between  electron  and  hole  mobility  are  con¬ 
sidered  as  main  causes.  Furthermore,  the  interface  between  active 
layer  and  cathode  can  play  a  important  role  in  determining  fill  factor 
[71  .  As  the  diode  quality  of  a  bulk-heterojunction  device  depends 
heavily  on  the  nanomorphology  and  interfacial  area  of  the  photoactive 
layer,  control  over  these  components  are  crucial  to  restrain  recombi¬ 
nation  and  thus  allow  high  fill  factors  to  be  achieved. 

2.3.4.  OPV  efficiency  limit 

The  power  conversion  efficiency  is  the  most  important  perfor¬ 
mance  parameter  used  to  evaluate  a  solar  cell,  which  is  determined 
by  Eq.  (1).  In  2009,  Kirchartz  et  al.  [72]  implemented  the  theory  of 
Shockley  and  Queisser  to  calculate  radiative  efficiency  limits  of  bulk- 
heterojunction  organic  solar  cells.  For  poly  [9,9-didecanefluorene-alt- 
(bis-thienylene)  ben-zothiadiazole]  (PF10TBT)  and  PCBM  blend  cells, 
the  radiative  efficiencies  are  on  the  order  of  rj «  21%,  however,  current 
laboratory  solar  cells  using  the  same  materials  achieve  rj^  4%. 
Kirchartz  et  al.  identified  five  loss  mechanisms  to  explain  this  large 
gap  between  theory  and  experiment.  These  are  (a)  the  difference 
between  the  energy  of  the  exciton  in  the  polymer  and  the  charge 
transfer  state  at  the  D-A  interface  used  in  bulk-heterojunction  solar 
cells  leads  to  a  small  efficiency  loss  of  2%,  while  most  losses  are  due  to 

(b)  optical  losses  caused  by  insufficient  light  trapping  and  parasitic 
absorption  in  layers  that  are  not  active  in  charge  carrier  collection, 

(c)  losses  caused  by  inefficient  collection  of  photogenerated  excitons, 

(d)  recombination  losses  caused  by  a  large  amount  of  nonradiative 
recombination  at  the  D-A  interfaces  or  defects  in  the  absorber,  and 

(e)  losses  caused  by  relatively  low  charge  carrier  mobilities. 

Kirchartz  et  al.  [72]  made  a  quantitative  comparison  of  these 

loss  mechanisms  and  found  that  the  most  dominant  loss  mechan¬ 
ism  in  organic  solar  cells  is  the  nonradiative  recombination  at  the 
D-A  interface,  by  eliminating  this  factor,  an  increase  in  efficiency 
from  4.2%  to  12.8%  is  achievable.  Nonradiative  recombination 
accounts  for  the  loss  in  open  circuit  voltage,  as  well  as  for  part 
of  the  loss  due  to  carrier  collection.  Servaites  et  al.  [73]  also  found 
that  efficiencies  of  current  bulk-heterojunction  organic  solar  cells 
appear  to  be  limited  primarily  as  a  consequence  of  incomplete 
exciton  dissociation.  In  order  to  increase  PCEs  of  OPV,  it  is  critical 
to  develop  materials  and  improve  D-A  arrangement  that  enhance 
exciton  dissociation  and  reduce  nonradiative  recombination. 

Efficiency  improvements  can  also  be  achieved  by  increasing  the 
charge  carrier  mobility,  therefore  improving  carrier  collection  and 
fill  factor.  An  increase  in  exciton  mobility  will  further  enhance  the 
photocurrent  by  increasing  the  amount  of  excitons  to  be  dissociated. 
Additionally,  due  to  the  low  refractive  index  of  organic  materials, 
comparatively  small  improvement  may  be  obtained  by  introducing 
Lambertian  light  trapping  schemes,  hence  novel  light  trapping 
techniques  are  needed  to  overcome  the  Lambertian  limit  [74]. 

3.  Effects  of  annealing  on  P3HT:PCBM  system 

In  a  bulk-heterojunction  design,  there  are  two  major  perfor¬ 
mance  considerations  for  the  arrangement  of  donor  and  acceptor 
phases. 
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•  Dispersion  of  donor  and  acceptor  phase  in  the  photoactive  layer 
to  allow  for  large  interfacial  area  which  leads  to  efficient 
excitonic  dissociation. 

•  Establishment  of  continuous  conducting  pathways  for  good 
charge  transport. 

An  as-cast  P3HT:PCBM  film  is  relatively  amorphous  in  struc¬ 
ture.  This  unordered  structure  severely  limits  the  conduction  and 
charge  carrier  mobility.  As  a  result,  non-annealed  OPV  devices 
often  show  low  charge  carrier  mobility  and  ultimately  low  Jsc  and 
fill  factor.  The  purpose  of  an  annealing  step  is  to  change  the 
properties  of  the  film  from  unordered  and  amorphous  to  a  more 
homogenous  nature.  The  film  undergoes  this  transition  as  a  result 
of  an  alignment  of  the  polymer  chains  to  form  crystallites  [75].  A 
schematic  diagram  depicting  this  transition  is  displayed  in  Fig.  8. 
For  higher  annealing  temperatures,  the  PCBM  phases  diffuse  and 
form  aggregate.  This  aggregation  can  reduce  successful  excitonic 
dissociation.  The  thermal  annealing  parameters  of  both  tempera¬ 
ture  and  time  vastly  affect  the  rate  at  which  this  transition  occurs 
and  thus  there  exists  some  non-obvious  optimum  conditions 
which  provide  the  most  favourable  excitonic  dissociation  and 
charge  carrier  conduction.  This  section  will  survey  the  changes 
induced  by  thermal  annealing  on  the  physical  film  structure  and, 
as  a  result,  the  changes  in  device  electronic  performance. 

3.2.  Film  characteristics 

Physical  changes  which  occur  in  the  film  as  a  result  of  the 
thermal  annealing  process  will  ultimately  affect  the  device  per¬ 
formance.  It  is  important  to  understand  how  structural  changes 
are  linked  to  changes  in  electronic  performance.  The  three  most 
important  film  characteristics  for  an  OPV  blend  are  nanomorphol¬ 
ogy  organisation,  crystallinity  and  absorption  profile.  These  three 
characteristics  are  discussed  in  detail  in  this  section. 

3.2.2.  Nanomorphology  organisation 

The  local  nanoscale  organisation  of  the  donor  and  acceptor 
in  the  active  layer  has  a  profound  impact  on  the  PCE  of  the  device. 
Intense  study  of  the  P3HT:PCBM  system  has  led  to  an  under¬ 
standing  that  an  annealing  treatment  induces  a  more  stable 
nanoscale  network  with  a  higher  degree  of  crystallinity  and  order. 
Traditionally  this  has  been  characterised  using  2D  microscopy 
analysis  of  atomic  force  microscopy  (AFM)  or  transmission  elec¬ 
tron  microscopy  (TEM),  however,  this  provides  only  ambiguous 
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Fig.  8.  Schematic  pictures  displaying  the  changes  in  the  P3HT:PCBM  blend  film  as  a 
result  of  annealing  [54]. 


Fig.  9.  Electron  tomography  images  for  P3HT:PCBM  photoactive  layers.  The  image 
on  the  left  represents  an  as-cast  film,  whilst  the  image  on  the  right  is  thermally 
annealed  at  130  °C  for  20  min  [76]. 


evidence  of  a  volumetric  rearrangement  and  reordering.  Recent 
attempts  to  provide  a  3D  visualisation  have  led  to  the  adaptation 
of  electron  tomography  for  use  in  OPV.  Bavel  et  al.  [76  have 
utilised  this  technique  to  display  the  actual  formation  of  crystal¬ 
line  3D  networks  as  a  result  of  thermal  annealing.  This  information 
is  displayed  in  Fig.  9. 

The  3D  representation  of  the  as-cast  film  shows  that  the 
formation  of  P3HT  crystals  is  defective.  This  is  contrasted  in  the 
annealed  film,  shown  on  the  right,  which  displays  the  formation  of 
a  3D  nanoscale  network.  This  volumetric  representation  shows 
how  the  physical  film  is  altered  as  a  result  of  thermal  treatment. 


3.2.2.  Crystallinity 

The  crystallinity  induced  in  the  P3HT  as  a  result  of  annealing  is 
important  for  the  facilitation  of  charge  transport  to  the  electrodes. 
This  property  of  the  material  can  be  elucidated  using  x-ray  diffrac¬ 
tion  (XRD),  which  measures  a  peak  with  some  intensity  and  width 
for  specific  crystalline  planes  within  a  material.  Although  P3HT  does 
not  have  a  repeating  crystalline  structure  like  an  inorganic  semi¬ 
conductor,  e.g.  silicon,  it  is  still  useful  to  analyse  the  structure  of  the 
regioregular  chains  as  an  analogue  to  crystallinity.  An  increase  in 
intensity  of  a  given  peak  indicates  an  increase  in  the  size  of  the 
crystalline  domains  within  the  material.  XRD  spectra  for  a  P3HT: 
PCBM  film  is  displayed  in  Fig.  10.  An  increased  intensity  for  the  peak 
at  2  theta =5  degrees  (corresponding  to  the  inter-chain  spacing  in 
P3HT  associated  with  the  inter-digitated  alkyl  chains)  [77],  as  a 
result  of  annealing  shows  a  definite  increase  in  crystallinity  after  an 
annealing  step  at  150  °C.  This  hypothesis  is  supported  by  multiple 
reports  in  literature  [49,78,79  . 


3.2.3.  Absorption  spectra 

The  absorption  profile  of  the  active  layer  is  very  important  as  it 
will  ultimately  limit  the  maximum  obtainable  Jsc.  The  effect  of 
annealing  on  the  absorption  profile  is  characterised  with  UV-vis 
spectroscopy.  Two  phenomena  are  generally  observed  as  a  result 
of  thermal  annealing.  Both  a  red-shift  in  peak  absorption  and  an 
increase  in  magnitude  of  absorption  are  observed  for  a  P3HT: 
PCBM  blend  [80  .  An  absorption  profile  of  an  as-cast  and  annealed 
P3HT:PCBM  is  displayed  in  Fig.  11. 

Analysis  of  the  P3HT:PCBM  films  clearly  display  both  of  these 
traits.  This  will  lead  to  an  overall  observable  increase  in  useful 
absorption.  With  reference  to  the  pure  P3HT  film,  the  absorption  of 
the  P3HT:PCBM  film  is  blue-shifted  and  the  vibronic  structure  of  the 
as-cast  P3HT  is  lost,  due  to  the  disruption  of  P3HT  internal  order  as  a 
result  of  PCBM  addition.  Upon  thermal  annealing,  the  absorption  is 
red-shifted  and  the  vibronic  structure  is  restored.  These  changes  are 
attributed  to  an  increase  in  internal  order,  as  the  polymer  chains  are 
able  to  move  more  freely  at  higher  temperatures.  The  magnitude  of 
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Fig.  10.  Comparison  of  x-ray  diffraction  spectra  of  a  P3HT:PCBM  OPV  device.  This 
displays  both  non-annealed  (blue)  and  thermally  annealed  at  150  °C  for  30  min 
(red).  The  inset  shows  a  close-up  of  the  2  theta  values  around  5  degrees  [77]. 
(For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 
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Fig.  12.  Current-voltage  characteristic  curves  of  P3HT:PCBM  solar  cells  with 
different  treatments.  Data  is  shown  for  three  varying  heat  treatments  of  (i)  no 
thermal  annealing  (open  squares),  (ii)  thermal  annealing  at  70  °C  (open  triangles) 
and  (iii)  thermal  annealing  at  150  °C  (filled  squares).  The  illumination  intensity 
used  was  80  mW/cm2  [77]. 
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Fig.  11.  UV-vis  spectra  for  both  pure  P3HT  and  P3HT:PCBM  blend  films.  Data  for  as- 
cast  (red)  and  thermally  annealed  at  150  °C  for  15  min  (blue),  is  displayed  [80]. 
(For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 


absorption  also  increases,  by  50%,  which  is  a  result  of  a  higher 
degree  of  inter-chain  interaction  80]. 

The  process  of  thermal  annealing  causes  P3HT  to  crystallise  which 
induces  a  thermodynamically  driven  alteration  of  the  photoactive 
layer.  This  causes  a  rearrangement  of  donor  and  acceptor  phases,  an 
increase  in  crystallinity  of  the  P3HT  and  an  improved  absorption 
profile.  These  transformations  lead  to  improvements  in  the  electronic 
performance  of  the  device,  which  will  be  discussed  further  in  the 
following  section. 

3.2.  Electronic  characteristics 

Alterations  in  device  electronic  performance  can  be  charac¬ 
terised  by  current-voltage  characteristic  curves,  EQE  and  mobility 
measurements. 


3.2.2.  Current-voltage  measurements 

It  is  common  to  compare  the  characteristics  curves  of  devices 
subjected  to  different  processing  parameters  to  optimise  perfor¬ 
mance.  Ma  et  al.  [77]  have  undertaken  a  comprehensive  study  of 


the  process  parameters  of  annealing  temperature  and  time  for  a 
P3HT:PCBM  system.  A  comparative  study  of  J-V  curves  of  devices 
with  treated  with  different  annealing  temperature  is  displayed  in 

Fig.  12. 

It  is  evident  from  these  J-V  curves  that  thermal  annealing  leads 
to  an  improvement  of  electronic  response.  The  annealing  step 
leads  to  a  marked  increase  in  Jsc  and  a  significant  improvement  in 
fill  factor.  The  as-cast  device  displays  poor  device  characteristics 
with  Jsc =3.83  mA/cm2  and  FF=  30%,  as  evidenced  by  the  almost 
linear  profile  of  the  J-V  curve.  Thermal  treatment  with  the 
intermediate  temperature  of  70  °C  leads  to  an  improvement  in 
both  of  these  characteristics,  as  it  is  believed  crystallinity  of  the 
P3HT  phase  has  begun  to  improve.  Thermal  treatment  at  150  °C 
yields  a  distinct  improvement  in  these  two  device  characteristics. 
The  Jsc  increases  to  a  value  of  9.5  mA/cm2,  whilst  the  fill  factor 
increases  from  30%  in  the  as-cast  sample  to  68%  in  the  sample 
annealed  at  150  °C.  This  vast  improvement  was  linked  to  a 
reduction  in  series  resistance.  A  quantitative  comparison  of  series 
resistance  was  conducted  by  extracting  the  parameter  from  a 
modified  ideal  diode  equation.  The  series  resistance  was  seen 
to  decrease  by  more  than  an  order  of  magnitude  (from  113  Q,  cm2 
to  7.9  Q  cm2)  as  a  result  of  thermal  annealing  at  150  °C.  These 
significant  improvements  are  attributed  to  an  optimisation  of  two 
crucial  performance  parameters,  higher  nanoscale  crystallinity  and 
an  improved  microstructure  of  demixed  donor  and  acceptor 
phases. 


3.2.2.  External  quantum  efficiency  measurements 

The  external  quantum  efficiency  describes  the  amount  of  useful 
charge  carriers  produced  for  a  certain  amount  of  incident  photons 
and  is  dependent  upon  the  five  major  processes  involved  in 
organic  solar  cell  operation.  The  Jsc  of  the  device  is  directly  linked 
to  the  EQE,  shown  in  Eq.  (3). 

Yang  et  al.  [30]  have  investigated  the  effect  of  annealing  on 
P3HT:PCBM  devices.  Fig.  13  displays  an  EQE  profile  for  pristine  and 
annealed  cells.  The  EQE  response  for  the  annealed  sample  is  better 
for  a  wide  spectral  range.  The  authors  note  that  enhanced  current 
output  is  particularly  present  for  the  longer  wavelengths.  This 
increase  in  IPCE  values  lead  to  an  enhancement  in  the  magnitude 
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Fig.  13.  External  quantum  efficiency  profile  for  pristine  (blue)  and  thermally 
annealed  at  120  °C  for  60  min  (red)  P3HT:PCBM  devices  [30].  (For  interpretation 
of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 
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Fig.  14.  Calculated  zero-field  mobilities  of  electrons  (filled  circles)  and  holes  (open 
circles)  for  P3HT:PCBM  devices  as  a  function  of  annealing  temperature.  As  a 
reference,  the  calculated  zero-field  mobility  of  holes  (open  triangles)  in  pristine 
P3HT  is  also  displayed  [29]. 


of  Jsc  from  3.1  mA/cm2  to  7.4  mA/cm2.  This  increase  is  consistent 
with  the  results  obtained  by  Ma  et  al.  [77].  The  enhanced  device 
performance  is  attributed  to  the  formation  of  thin  fibrillar  crystals 
of  P3HT  which  induce  a  crystalline  order  in  the  blend.  This  is 
evidenced  by  bright  field  TEM  analysis.  It  is  believed  that  this 
fibrillar  crystalline  structure  leads  to  enhanced  charge  transport 
which  causes  the  higher  EQE  and  Jsc  values.  Quantitative  electronic 
characterisation  of  charge  transport  can  be  obtained  by  measuring 
the  mobility  of  the  donor  and  acceptor  material  within  the  blend. 


3.2.3.  Mobility 

It  is  important  to  quantify  the  change  in  charge  carrier  trans¬ 
port  properties  as  a  result  of  a  thermal  annealing  step.  Mihailetchi 
et  al.  [29]  achieved  this  by  determining  the  hole  and  electron 
mobility  of  a  P3HT:PCBM  device  as  a  function  of  varying  annealing 
temperature.  The  most  important  factor  which  affects  Jsc  is  the 
magnitude  of  the  hole  mobility.  For  pristine  devices,  the  Jsc  is 
fundamentally  limited  by  a  discrepancy  between  hole  and  electron 
mobility  which  leads  to  a  build-up  of  space  charge.  For  a  P3HT: 
PCBM  blend,  the  electron  mobility  of  the  acceptor  is  much  higher 
than  the  hole  mobility,  causing  a  bottleneck  of  charge  carriers. 
It  is  thus  important  to  understand  how  the  magnitude  of  mobility 
values  change  due  to  annealing,  as  well  as  understanding  the 
discrepancy  between  hole  and  electron  mobility. 

There  are  multiple  measurement  systems  to  quantitatively  ana¬ 
lyse  mobility  which  include  field  effect  transistors  (FET),  time  of 
flight  (TOF)  photocurrent  measurements  and  space  charge  limited 
(SCL)  current  measurements.  Different  magnitudes  of  charge  carrier 
mobility  have  been  reported  due  to  different  measurement  techni¬ 
ques.  The  value  of  mobility  also  depends  on  the  molecular  weight  of 
P3HT,  concentration  ratio  between  P3HT  and  PCBM  in  the  blend  and 
annealing  temperature. 

The  authors  use  a  method  to  determine  electron  and  hole 
mobility  from  current-voltage  measurements,  which  utilises  the 
same  set  up  and  experimental  conditions  as  used  for  the  operation 
of  a  solar  cell.  By  varying  the  work  function  of  the  electrodes,  the 
injection  of  either  electrons  or  holes  may  be  quenched.  This  will 
result  in  the  formation  of  either  hole-  or  electron-only  devices, 
respectively.  For  hole-  or  electron-only  devices,  the  space  charge 
limited  current  is  approximated  by  the  following  formula: 


g£o£rfte(h)exP  0.891Xe(/,) 


where  Je(h)  is  electron  (hole)  current,  jue(h)  is  zero-field  mobility  of 
electron  (hole),  ye(h)  is  field  activation  factor,  e0  is  permittivity  of 
free  space,  er  is  relative  permittivity  of  the  material,  V  is  applied 
voltage  and  L  is  thickness  of  the  active  layer. 

Fig.  14  displays  the  zero-field  mobilities  for  holes  and  electrons  as 
a  function  of  annealing  temperature,  calculated  from  Eq.  (6).  This 
figure  shows  that  the  hole  mobility  of  P3HT  is  significantly  reduced 
as  a  result  of  introducing  PCBM  in  a  blend,  with  reference  to  the 
mobility  in  pristine  P3HT.  This  is  attributed  to  the  disruption  of  the 
crystalline  nature  of  the  P3HT  by  adding  PCBM  molecules.  It  is 
believed  that  the  process  of  annealing  allows  the  crystallisation  of 
P3HT  and  a  demixing  of  the  two  phases.  This  leads  to  the  formation 
of  an  interpenetrating  network  consisting  of  P3HT  crystals  and 
aggregated  PCBM  nano  crystallites  which  lead  to  the  formation  of 
efficient  conducting  pathways  which  provide  improved  electron  and 
hole  mobilities  [29].  The  figure  also  suggests  that  the  rapid  increase 
in  hole  mobility  as  a  function  of  annealing  temperature  leads  to  a 
better  balance  between  electron  and  hole  mobility  values,  which 
reduces  the  build-up  of  undesirable  space  charge. 

Analysis  of  the  thermally  induced  changes  in  electronic  perfor¬ 
mance  leads  to  the  conclusion  that  the  process  of  thermal  annealing 
improves  the  performance  of  OPV  devices.  This  is  caused  by 
the  increasing  trends  of  both  fill  factor  and  Jsc ,  whilst  Voc  remains 
relatively  constant  for  all  temperatures.  This  improvement  occurs  as 
some  optimisation  is  reached  between  properties  of  charge  trans¬ 
port  and  excitonic  dissociation,  as  a  result  of  crystallinity  induced  in 
the  polymer  and  a  more  favourable  arrangement  of  the  donor  and 
acceptor  phases.  The  balancing  implies  that  there  exists  some 
optimum  annealing  temperature  for  P3HT:PCBM  OPV  devices.  Ma 
et  al.  [77]  have  suggested  that  this  optimum  occurs  using  the 
processing  conditions  of  150  °C  for  30  min.  The  authors  produced 
a  comprehensive  study  of  efficiency  as  a  function  of  annealing 
temperature  to  draw  this  conclusion.  This  study  is  displayed  in 
Fig.  15.  Increasing  annealing  temperature  leads  to  improved  effi¬ 
ciency,  due  mainly  to  improvements  in  charge  transport  properties. 
This  improvement  ceases  at  150  °C,  where  an  optimum  point  is 
found.  A  reduction  in  efficiency  for  annealing  temperatures  higher 
than  150  °C  is  observed.  Temperatures  in  this  range  lead  to  the 
aggregation  of  the  PCBM  molecules,  which  results  in  a  decrease  in 
interfacial  area.  This  leads  to  a  reduction  in  the  excitonic  dissocia¬ 
tion  efficiency  for  these  temperatures  which  is  the  cause  of  the 
reduction  in  PCE.  Other  authors  have  reported  similar  observations 
for  optimal  annealing  conditions.  Table  1  displays  a  non-exhaustive 
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Fig.  15.  Power  conversion  efficiency  versus  thermal  annealing  temperature  for 
P3HT:PCBM  devices,  with  a  constant  annealing  time  of  15  min  [77]. 


Table  1 

Thermal  annealing  parameters  and  device  performance  data  for  organic  solar  cells 
as  reported  in  literature.  The  materials  used  in  the  active  layer  were  P3HT:PCBM. 


Solvent 

Temp 

(°C) 

Time 

Jsc 

(mA / 
cm2) 

Vac 

(V) 

FF 

PCE 

(%) 

Illumination 

Ref 

CB 

158 

8  min 

15.4 

0.66 

0.6 

6.1 

1  sun 

[33] 

CB 

150 

30  min 

9.5 

0.63 

0.68 

5 

0.8  suns 

[77] 

CB 

155 

5  min 

11.1 

0.65 

0.54 

4.9 

0.8  suns 

[81] 

CB 

140 

2  h 

11.5 

0.62 

0.52 

4.4 

0.85  suns 

[53] 

CB 

155 

5  min 

9.61 

0.56 

0.6 

4.3 

0.76  suns 

[82] 

CB 

150 

10  min 

9.77 

0.66 

0.623 

4.02 

1  sun 

[83] 

CB 

150 

30  min 

8.93 

0.60 

0.629 

3.4 

1  sun 

[84] 

CB 

130 

10  min 

9.48 

0.64 

0.56 

3.39 

1  sun 

[85] 

CB 

130 

10  min 

5.16 

0.57 

0.538 

3.16 

0.5  suns 

[86] 

CB 

120 

60  min 

10.3 

0.65 

0.47 

3.1 

1  sun 

[87] 

CB 

140 

15  min 

9.4 

0.61 

0.55 

3 

1  sun 

[51] 

CB 

140 

10  min 

7.328 

0.617 

0.567 

2.57 

1  sun 

[88] 

CB 

110 

10  min 

6.8 

0.58 

0.42 

1.7 

1  sun 

[78] 

CB/NtB 

150 

15  min 

10.5 

0.66 

0.62 

4.3 

1  sun 

[32] 

Chloroform 

130 

20  sec 

- 

- 

- 

3.6 

0.5  suns 

[54] 

Chloroform 

120 

4  min 

- 

- 

- 

2.85 

1.15  suns 

[29] 

Chloroform 

130 

20  sec 

6.35 

0.6 

0.632 

2.39 

1  sun 

[50] 

DCB 

130 

30  min 

14.1 

0.65 

0.6 

5.5 

1  sun 

[31] 

DCB 

110 

10  min 

10.6 

0.61 

0.674 

4.37 

1  sun 

[52] 

DCB 

160 

10  min 

10.55 

0.664 

0.61 

4.26 

1  sun 

[89] 

DCB 

150 

10  min 

11.62 

0.57 

0.58 

3.84 

1  sun 

[90] 

DCB 

75 

4  min 

8.5 

0.55 

0.6 

3.5 

0.8  suns 

[91] 

DCB 

175 

10  min 

9.25 

0.62 

0.588 

3.38 

1  sun 

[92] 

DCB 

140 

10  min 

9.2 

0.68 

0.37 

2.32 

1  sun 

[93] 

ODCB 

130 

20  min 

10.9 

0.58 

0.61 

3.8 

1  sun 

[76] 

ODCB 

120 

60  min 

7.2 

0.615 

0.61 

2.7 

1  sun 

[30] 

Toluene 

150 

15  min 

8.3 

0.56 

0.62 

3 

1  sun 

[80] 

list  of  observed  optimal  annealing  process  parameters  as  inferred 
from  literature. 

3.3.  Link  between  film  structure  and  electronic  performance 

The  process  of  thermal  annealing  has  an  impact  on  both  the 
physical  nature  of  the  film  and  thus  the  electronic  performance  of 
the  device.  For  efficient  optimisation  of  OPV  devices,  it  is  crucial 
to  understand  the  link  between  these  properties.  This  is  vitally 
important  in  the  current  context  of  exploration  of  low  band  gap 
polymers,  with  differing  chemical  properties,  to  replace  P3HT.  The 
traditional  technique  of  AFM  used  for  obtaining  topographical 


data,  coupled  with  I-V  data  can  provide  only  ambiguous  evidence 
of  the  structural-electronic  relationship.  New  characterisation 
techniques,  such  as  conductive  atomic  force  microscopy  (C-AFM), 
are  required  to  improve  our  knowledge  of  the  link  between 
physical  and  electronic  properties.  C-AFM  is  a  technique  which 
measures  surface  topography  and  local  electronic  measurements 
simultaneously.  It  does  this  via  a  metal  coated  AFM  probe  which  is 
connected  to  an  external  circuit  [80  .  The  simultaneous  measure¬ 
ment  of  these  two  properties  provides  a  direct  link  between  the 
arrangement  of  donor  and  acceptor  phases  and  some  electronic 
characteristics. 

Dante  et  al.  [80]  utilised  this  technique  to  investigate  the  effect 
of  annealing  on  P3HT:PCBM  films.  Fig.  16  displays  cross  sectional 
phase  and  hole  current  images  of  both  non-annealed  (a  and  c)  and 
thermally  annealed  (b  and  d)  P3HT:PCBM  samples.  This  analysis 
shows  that  both  an  increase  in  the  P3HT  domain  and  the  two 
domains  are  more  uniformly  distributed  as  a  result  of  the  thermal 
treatment.  This  correlates  to  an  increase  in  the  high  current 
regions  in  the  hole  current  image  for  the  annealed  sample.  The 
authors  concluded  that  improved  device  performance  due  to 
improved  nanoscale  ordering  and  increased  charge  carrier  mobi¬ 
lity.  The  ability  for  C-AFM  to  provide  a  direct  link  between 
nanomorphology  and  electronic  performance  makes  it  a  viable 
tool  for  characterisation  of  multi  component  active  layers. 

3.4.  Post  vs.  pre  annealing 

Another  parameter  associated  with  thermal  annealing  is  the 
sequence  in  which  it  is  performed,  with  respect  to  the  metallisation 
step.  Kim  et  al.  [88]  investigated  the  effect  of  the  annealing  sequence 
on  both  the  film  and  electronic  characteristics  of  P3HT:PCBM  solar 
cells.  The  current-voltage  characteristics  were  investigated  for  four 
different  device  treatments,  being  (i)  untreated,  (ii)  pre-annealed,  in 
which  the  film  was  annealed  prior  to  the  aluminium  metallisation, 
(iii)  pre-  and  post-annealed,  in  which  the  films  were  annealed  both 
before  and  after  the  aluminium  metallisation  and  (iv)  post-annealed, 
in  which  the  films  were  annealed  only  after  the  metallisation  step. 
This  is  displayed  in  Fig.  17. 

This  analysis  shows  that  the  post  annealing  step  led  to  improved 
device  performance,  which  was  attributed  to  two  factors.  First, 
the  post  annealing  step  was  deemed  to  increase  the  interfacial  area 
between  the  aluminium  cathode  and  the  active  layer.  This  improved 
contact  lead  to  more  efficient  charge  collection.  Additionally,  a  slight 
increase  in  absorption  was  measured  for  the  post  annealed  device, 
which  was  due  to  an  increase  in  interfacial  roughness  between  the 
active  layer  and  aluminium.  The  performance  of  the  post-annealed 
was  better  than  both  the  untreated  and  pre-annealed  device,  which 
suggests  that  the  sequence  of  the  processing  step  is  important,  and 
that  device  post  annealing  is  crucial  in  obtaining  efficient  charge 
carrier  collection. 

4.  Discussions 

It  is  found  that  there  is  a  balancing  between  the  optimum 
thermal  annealing  temperature  and  the  electronic  performance  of 
P3HT:PCBM  devices.  Fig.  18  displays  the  features  of  the  balancing 
with  reference  to  changes  in  both  the  physical  film  and  electronic 
performance.  Annealing  at  low  temperatures  provides  the  mole¬ 
cules  in  the  film  with  energy  to  move  and  re-arrange  which  has 
the  effect  of  increasing  crystallinity  in  the  P3HT  phase,  as  shown  in 
Fig.  18(a)(i).  This  change  in  the  physical  film  corresponds  to  an 
improvement  in  the  electronic  performance,  due  to  improved 
conduction  of  charge  carriers  as  shown  in  Fig.  18(b)(i).  Annealing 
at  higher  temperatures,  leads  to  the  diffusion  and  aggregation  of 
PCBM  molecules,  as  shown  in  Fig.  18(a)(ii).  This  aggregation  leads 
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Fig.  16.  Conductive  AFM  images  for  non-annealed  ((a)  and  (b))  and  annealed  ((c)  and  (d))  P3HT:PCBM  films.  Images  in  the  left  column  ((a)  and  (c))  show  phase  information 
while  images  in  the  right  column  ((b)  and  (d))  show  hole  current  [80]. 


Fig.  17.  Current-voltage  characteristic  curves  for  (i)  untreated  (squares),  (ii)  pre¬ 
annealed  (circles),  (iii)  pre-  and  post-annealed  (triangles  up)  and  (iv)  post-annealed 
(triangles  down).  The  illumination  intensity  used  was  100  mW/cm2  [88]. 


to  a  reduction  in  the  D-A  interfacial  area,  which  reduces  the  ability 
to  dissociate  excitons,  as  shown  in  Fig.  18(b)(ii).  It  has  a  negative 
impact  on  electronic  performance.  The  balance  between  conduc¬ 
tion  and  excitonic  dissociation  leads  to  the  establishment  of 
optimal  annealing  conditions  for  maximized  electronic  perfor¬ 
mance,  as  summarized  in  Table  1.  The  table  suggests  that  the 
optimal  annealing  conditions  for  a  P3HT:PCBM  OPV  device  are 
variable  from  batch  to  batch,  depends  on  the  purity,  polydispersity 
index  (PDI)  and  molecular  weight  of  P3HT.  This  study  represents  a 
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Fig.  18.  Schematic  drawing  illustrating  the  nature  of  the  balancing  for  the  effect  of 
thermal  annealing  on  bulk-heterojunction  organic  solar  cells. 


systematic  evaluation  of  thermal  annealing  condition  for  the 
material  combination  of  P3HT:PCBM.  To  allow  for  large  scale 
fabrication  of  OPV  devices  with  optimized  photoactive  layers, 
further  systematic  studies  of  film  processing  parameters  are 
required  for  P3HT:PCBM  systems,  as  well  as  for  films  using  new 
polymer  materials. 

To  further  advance  the  OPV  technology,  it  is  important  to  find 
the  most  appropriate  combination  of  donor  and  acceptor  materials 
used  in  organic  solar  cells.  This  requires  careful  consideration 
of  the  individual  material  band  gaps,  which  affects  the  amount 
of  absorption  and  thus  the  maximum  obtainable  Jsc,  and  the 
diagonal  band  gap  of  the  heterojunction,  which  governs  the 
maximum  obtainable  Voc.  Additionally,  the  ground  state  and 
excited  state  energy  offsets,  which  determine  the  ability  for 
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excitons  to  dissociate,  need  to  be  considered.  Narrowing  the  band 
gap  can  improve  Jsc,  but  Voc  may  correspondingly  be  reduced  due 
to  the  higher  HOMO  level  that  results.  Moreover,  other  parameters 
such  as  carrier  mobility,  crystallinity  and  molecule  chain  packing 
also  affect  Jsc.  Therefore,  it  is  necessary  to  synthesize  new  low 
band  gap  polymers  which  can  achieve  improved  Jsc  and  Voc 
simultaneously. 

Although  steady  progress  has  been  achieved  in  improving  PCEs  of 
organic  solar  cells,  the  short  device  lifetime  has  remained  a  liability 
and  limited  the  progress  of  OPV  commercialization.  It  has  been  found 
that  using  fullerenes  as  the  electron  acceptor  in  bulk-heterojunction 
organic  solar  cells  induces  instability  in  the  photoactive  layer  94]. 
PCBM  tends  to  aggregate  as  a  consequence  of  elevated  temperatures, 
even  after  time  at  room  temperature.  To  improve  the  cell  stability, 
PCBM  can  be  replaced  by  more  stable  acceptor  or  using  polymers  with 
high  glass  transition  temperature  [95].  Additionally,  oxygen,  water  and 
continuous  illumination  have  been  shown  to  cause  device  degradation 
[94,96  .  Schumann  et  al.  [97]  have  demonstrated  an  improvement  in 
stability  of  inverted  P3HT:PCBM  devices  by  replacing  PEDOT:PSS  with 
a  ZnO  layer.  The  overall  decrease  in  PCE  for  a  device  with  ZnO  layer  is 
19.3%  after  40  h  continuous  illumination  at  100  mW/cm2,  when 
compared  to  60.3%  for  a  device  without  ZnO.  The  improvement  in 
device  stability  is  related  to  a  reduced  oxidation  of  the  polymer, 
as  oxygen  and  water  are  blocked  by  the  ZnO  layer.  The  device  stability 
has  a  significant  impact  on  progress  of  OPV,  more  works  need  to  be 
done  such  as  modifications  to  the  traditional  cell  structure. 

Many  research  groups  have  reported  high  efficiencies  OPV 
for  small  area  devices  using  laboratory  processing  methods, 
for  instance,  spin  coating  and  thermal  evaporation.  The  next  step 
for  this  promising  field  is  to  produce  large  area  solar  modules 
using  high  output,  low  cost  fabrication  techniques.  Although  there 
are  a  few  demonstrations  on  roll  to  roll  processing  techniques 
[98-100],  this  is  still  a  challenge  as  many  processing  parameters 
used  for  laboratory  scale  device  production,  are  not  directly 
transferable  to  large  scale  production.  More  effort  must  be 
directed  on  optimizing  processing  parameters,  particularly  for 
layers  coating  within  device  fabrication. 


5.  Conclusion 

The  effect  of  thermal  annealing  on  P3HT:PCBM  bulk-hetero¬ 
junction  organic  solar  cells  is  reviewed.  Thermal  annealing  was  seen 
to  improve  the  absorption  of  the  film,  due  to  the  formation  of  a  more 
ordered  polymer  structure.  The  crystallinity  of  the  polymer  phase  was 
greatly  enhanced  due  to  thermal  annealing,  as  evidenced  by  XRD. 
This  induced  change  in  film  properties  was  linked  to  a  change  in 
electronic  characteristics  of  the  OPV  device.  Thermal  annealing 
temperatures  up  to  the  optimal  value  led  to  an  improvement  in 
performance.  However,  annealing  temperatures  higher  than  this 
value  caused  a  reduction  in  electronic  performance.  It  was  found 
that  a  balancing  governs  the  optimum  thermal  annealing  tempera¬ 
ture  for  a  bulk-heterojunction  device.  Low  annealing  temperatures 
induce  crystallinity  in  the  polymer  phase  which  leads  to  an  improve¬ 
ment  in  charge  carrier  conduction.  However,  thermal  annealing 
temperatures  above  the  optimum  value  cause  an  aggregation  of 
PCBM  molecules,  which  reduces  the  ability  for  excitons  to  dissociate, 
consequently,  causing  a  reduction  in  electronic  performance.  Analysis 
of  the  changes  in  J-V  characteristics  leads  to  the  conclusion  that 
thermal  annealing  at  optimum  temperature  improves  the  perfor¬ 
mance  of  OPV  devices.  This  is  due  to  the  increasing  trends  of  both  FF 
and  Jsc ,  while  Voc  remains  relatively  constant  for  all  temperatures. 
It  is  shown  that  optimising  annealing  conditions  requires  careful 
consideration  of  the  interplay  between  charge  carrier  conduction  and 
excitonic  dissociation. 
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